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Abstract 
 
The work proposed on this master thesis has its background in the multimodal theory, in 
which coplanar waveguides structures propagate more than one fundamental mode: the even 
and the odd mode, and it’s the iteration between these two modes that allows to achieve this 
new circuit concept.  
Since this is a relative new technology there are not many filter proposals and the focus of this 
MT is the development of low-loss and selective bandpass filters. During this work multimodal 
filters showed a very good response and made possible to create very compact designs that 
could be implemented in small devices. Furthermore these types of filter presented a way of 
rejecting harmonic frequencies, making them offer a good response over a wide band of 
frequencies.  
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1. Introduction 
Microwave filters are widely used in electronics because of the need of rejecting or letting pass 
given frequencies for all devices that require radiofrequency communication, e.g. mobile 
phones, measurement systems, aircrafts, radio links, etc. Depending on the behaviour of the 
filter they can be divided in low-pass, high-pass, band-pass and band-stop.  
The work followed for this MT (Master Thesis) consists in the use of uniplanar transmission 
lines based on a new multimodal structure to develop band-pass filters with harmonic 
attenuation and reduced size. When working in the design of filters it is wanted to have a high 
selectivity, low insertion loss and high Matching of the ports at f0 and this was the criteria used 
in this MT.    
1.1. Multimodal uniplanar circuits 
Planar transmission lines provide great benefits over the early used RF transmission lines 
such as coaxial, waveguides and two-wire lines. These are its compactness, low cost and the 
easy adaptation of passive and active components. Many planar transmission lines exist for 
guiding waves and some of the most relevant are shown in Fig. 1.  
 
 
Fig. 1. Microwave transmission lines. (a) Stripline, (b) Microstrip, (c) Coplanar waveguide 
In the stripline a central conductor is covered by two parallel ground planes that are separated 
by a dielectric.  The thickness of this dielectric and its relative permittivity is what determines 
the characteristic impedance of this transmission line. The stripline supports a pure TEM 
mode since it has two conductors and homogeneous dielectric that contains all the fields but 
it could also support higher order modes and to avoid this the ground planes are shorted 
together.  
The microstrip is a more popular planar transmission line since it can be fabricated following 
a photolithographic process due to having only two lines separated by a dielectric. In contrast 
with stripline, it cannot support a pure TEM mode since not all waves are concentrated in the 
dielectric region, some of these propagate on top of the conductor where permittivity of the 
air is different, and this also adds more losses. Therefore a microstrip line presents a quasi-
TEM and is more complexed to analyze.  
The coplanar can be seen as a slotline with an extra line in the middle and because of the 
addition of this line it can support even or odd quasi-TEM modes, depending if the electric 
fields in the two ground planes are in the same direction or opposite. The coplanar waveguide 
has a simpler fabrication than microstrip allowing it a reduction in terms of costs, also since 
the ground plane is at the same layer as the central conductor, shunt and series components 
can be easily mounted without the need of using via holes. 
  11 
The coplanar waveguide (CPW) is the uniplanar transmission line used for this MT and it has 
several advantages over the Stripline and the microstrip: 
- Simpler manufacture process due to having only one layer.  
- Less expensive than multilayer technologies.  
- Compatibility with other transmission lines and passive components.  
The CPW is a multimodal guiding structure since it uses three lines (a central conductor and 
two ground planes) and the propagation of these modes are shown in Fig. 2.  
 
 
Fig. 2. CPW and transversal electric field. (a) Even mode. (b) Odd mode 
The characteristics of the even mode in the CPW are: 
- Quasi-TEM mode with even symmetry respect to the symmetry plane. 
- Dispersion is very low. 
- Has equal potentials on the ground planes. 
- The currents in the ground planes are in opposite direction.  
The characteristics of the odd mode, or also called slotline mode, in the CPW are: 
- The potential in the ground planes is equal but opposite sign.  
- In an infinite width ground plane, the mode is hybrid and has a magnetic field 
component in the longitudinal direction. 
- Dispersion is large. 
The even mode is the one normally used while the odd mode is usually considered as spurious 
and is rejected in uniplanar circuits using air bridges. Each mode has its impedance and 
propagation constants and this gives an extra degree of freedom when designing using both 
modes. The uniplanar multimodal circuits take advantage of this, the interaction of the two 
modes is used as an advantage to obtain compact and low-loss filters.  
 
1.2. Objectives 
The focus of this MT is the design new filters using the uniplanar multimodal theory previously 
worked on [1] with a different substrate. The substrate implemented was alumina that has a 
higher permittivity constant than Rogers, the benefits of this selection are: 
- More accurate manufacture process. 
- Compatibility with the testing probes.  
- Less losses than Rogers.  
- More compact design.  
  12 
 
The general objectives of the work followed in this MT are: 
- Circuit design of uniplanar multimodal bandpass filters.  
- Layout design of uniplanar multimodal bandpass filters.  
- Circuit and layout response analysis of multimodal bandpass filters (Butterworth vs 
Chebyshev low pass models)  
- Size reduction of previously designed filters.  
- Provide conclusions about the trade-off of reducing the filter length. 
- Provide conclusions about the real response of the filters.  
- Offer possible future work on multimodal filters.  
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2. Multimodal theory on microwave bandpass filters 
  
The theory of multimodal filters and corresponding circuit models presented in Adrian 
Contreras’s Ph.D. dissertation [1] will be summarized in this section [1]. First showing the 
multimodal immitance inverter that is in charge of doing the transition from a CPW to a 
slotline and then presenting how it’s introduced to a bandpass filter design. Based on the 
same multimodal theory, later is shown how the slotline can be reduced in order to achieve 
more compact designs.  
 
2.1. Multimodal Immitance inverters  
 
The multimodal immitance inverter is shown in Fig. 3. Simultaneously, this structure acts as a 
transition because it transforms the even mode of port 1 (with impedance Z0e1) into a slotline 
mode of port 2 (with impedance Z0s2) by means of an asymmetric shunt-short circuit. The 
transition has a length le1 + ls2 and an optional open stub of length le2 that is used to reject 
harmonic passbands. These inverters are used as the first and last inverter of a coupled-
resonator filter design.  
 
Fig. 3. Multimodal Immitance Inverter. [2] 
The circuit model of the multimodal immitance inverver is shown in Fig. 4. The behavior of 
this circuit is that when port 1 is excited it generates even and odd modes, when those modes 
arrive at the short circuit it will be either transmitted or rejected. The length l01 is used to 
short-circuit the rejected odd mode and the length le2 for the rejected even mode. The 
transmitted even and odd modes arrive at the CPW-Slotline transition and is transformed into 
a slotline mode due to being a slotline structure. Through this theory it is assumed that Z0o2 = 
Z0s2.  
 
 
lo1
le1
le2
ls2
CPW 1 CPW 2 Slotline 2
CPW
even-mode
port ( )Z0 1e
Slotline
port ( )Z0 2s
21
CPW asymmetric-
shunt-impedance
transition
CPW-to-slotline
transition
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Fig. 4. Circuit model for the multimodal immitance inverter 
The S parameters of the inverter’s circuit model having port 1 referred to Z0e1 and port 2 
referred to Z0s2 are: 
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Then the S-parameters of a generic inverter using a constant K=1/J, characterized by an 
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By using (1) and (3) the design equations are derived as 
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The total length of the inverter is determined by βe1le1 + βs2ls2 as shown in Fig. 3 and looking at 
(5)-(8) they can be determined having a desired J or K value and using it to calculate |B| and 
|BL|. The sign of BL gives a set of combination values of the even and odd mode stubs lengths 
as shown in (2), the even stub’s length can be used to add transmission zeros in the filter.  
2.2.  Coupled-resonator Bandpass filters 
The design of the multimodal bandpass filters is based on the general coupled resonator using 
K or J inverters using quarter-wavelength or half-wavelength resonators, the structure is 
shown in Fig. 5.  
 
Fig. 5. Generic coupled-resonator filter structure. [2] 
The normalized inverter values are summarized in Table 1.  
Table 1. Normalized inverter values for the coupled-resonator filter. [2] 
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Using the multimodal inverter explained in section 2.1, bandpass filters can be designed with 
double harmonic bands attenuation since two inverter are used, one as input port followed by 
a slotline structure with a coupling (J or K) and ending in another multimodal inverter in the 
opposite direction, having the even port 2 as output. In Fig. 6 can be seen two multimodal 
bandpass filters.   
 
Fig. 6. Second-order multimodal coupled-resonator bandpass filters. (a) With half-wavelength resonators and inner 
K inverter. (b) With quarter-wavelength resonators and inner J inverter. [2] 
The outer K inverters of both filters (K01 and K23) of Fig. 6 can be modelled using the 
multimodal circuit model and it’s shown in Fig. 7.  
 
 
Fig. 7. Multimodal circuit model. (a) Filter with half-wavelength resonators. (b) Filter with quarter-wavelength 
resonators. [2] 
Half-wavelength resonators filters have transmission zeros at (2n + 1) · f0/2 and quarter-
wavelengths filters at 2n · f0. With a proper configuration of the lengths βe2le2 many harmonics 
can be attenuated and therefore achieving a wide out of band rejection.  
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For the circuit of Fig. 7 transmission zeros are obtained where βe2le2 = (2n +1) · π/2 because a 
short circuit is seen at the CPW-asymmetric-shunt-impedance transition. As well a short 
circuit is seen where βo1lo1 = n·π.  
 
In the case of half-wavelength resonators attenuated bands are βs2 (ls2 + λ0s2/2) ≈ n·π  because 
the short circuit added by the K12 inverter transforms into an imperfect short circuit at the 
CPW-asymmetric-shunt-impedance transition.  
 
In the case of quarter-wavelength resonators attenuated bands are βs2 (ls2 + λ0s2/4) ≈ (2n + 1) · 
π/2 because the open circuit added by the J12 inverter transforms into an imperfect short 
circuit at the CPW-asymmetric-shunt-impedance transition. 
 
Having this into account, if the first (3·f0) and second (5·f0) harmonics want to be attenuated 
for the case of a quarter-wavelength filter, the lengths chosen are βe2le2 = π/6 that would give 
transmission zeros at 3·f0, 9·f0, 15·f0…, and βe2l’e2 = π/10 that would give transmission zeros at 
5·f0, 15·f0, 25·f0…, these added to the previous attenuated bands consequently resulting in a 
wide out of band rejection for a multimodal bandpass filter.  
2.3. Reduced bandpass filters 
 
2.3.1. Slotline-CPW tee 
 
The length of the multimodal filter’s resonators can be reduced using a CPW-Tee. In Fig. 8 can 
be seen both the slotline intended to be reduced and the CPW-tee.  
 
Fig. 8. (a) Slotline section of characteristic impedance Z0s and electrical length βsl. (b) Bended slotline section 
forming a CPW. [1] 
The equivalent circuit model of the CPW is shown in Fig. 9 (c). Also the figure shows that 
depending on the lengths of the even or odd stubs the layout would need or not an air bridge.  
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Fig. 9. Reduced-length slotline equivalents. (a) Reduced-length slotline equivalent with lo > le. (b) Reduced-length 
slotline equivalent with le > lo. (c) Equivalent multimodal circuit model. [1] 
The S parameters matrix of the tee’s equivalent circuit model is [1]: 
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The S parameters of the CPW can be reduced to 
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If Xe Xo = -1. Where φ = π + 2 arctan (2·Xe) 
Then the design expression for determining le and lo can be derived: 
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Then le and lo are derived to 
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2.3.2. Filter design using CPW-tees 
The filters of Fig. 6 can get their slotline reduced using a pair of CPW-tees in the resonators. 
This filter concept is modelled using the multimodal theory. The filter layout is shown in Fig. 
10. 
 
 
Fig. 10. Second-order multimodal coupled-resonator bandpass filter with reduced-length quarter-wavelength 
slotline resonators featuring slotline-coplanar tees. [1] 
 
The input and output inverters (K01 and K23) are modelled with the multimodal circuit model 
of Fig. 4 and the CPW-tees with the circuit model of Fig. 9 (c) resulting in the circuit model of 
Fig. 11.  
 
 
Fig. 11.Circuit model of a second-order multimodal coupled-resonator bandpass filter with reduced-length quarter-
wavelength slotline resonators. [1] 
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3. Design of microwave bandpass filters with multimodal 
immitance inverters 
The filters proposed during this MT were thought as to provide a variety of low-loss bandpass 
filters implementing the multimodal theory. Throughout this process many bandpass filters 
were analyzed both Chebyshev and Butterworth types and was found that the Chebyshev ones 
had the best behavior in terms of losses in the EM simulation using ADS momentum, therefore 
the focus of this MT will rely on Chebyshev 2nd order models using 0.2 dB ripple. Furthermore 
the final design of the filters in this MT were done for the 5 GHz Wi-Fi band, centered at 5.6 
GHz.   
In this section the different widths of the lines are determined taking into account the losses 
and later filters with different FBW are proposed along with some reduction for more 
compactness. The simulator setup used for the EM simulations of all the filters proposed is 
explained in section 3.5.  
3.1. Determining substrate 
 
The substrate used for the development of these filters is Alumina with a relative permittivity 
of 9.9 with a thickness of 635 µm. Prior work with multimodal filters was done using Rogers, 
the use of this new substrate has some benefits: 
- Improvement in terms of losses (tan δ=0.0002 vs 0.002 in Rogers) 
- Allows lower gaps 
- Permits the use of standard coplanar probes 
- More compact filters since permittivity is higher (9.9 vs 3.55 in Rogers) 
3.2. Determining ground plane 
 
The first step is to define the proper width in the ground planes. The procedure consists in 
simulating different ground plane widths using ADS momentum and calculate the impedance 
and transmission parameters for the even and odd mode. The dimensions of the CPW tested 
are shown in Table 2.   
Table 2. Dimensions of CPW structure 
Parameter Length (µm) 
Ground plane width  400, 500, 700 
Central conductor width 50 
Lines gap 25 
 
For example, the layout simulation setup for the 400 µm ground plane is shown in Fig. 12 using 
100 Ω ports impedance and 3 mm length. 
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Fig. 12. Shows the simulation ports location for the even mode. 
The circuit simulation setup is shown in Fig. 13.  
 
Fig. 13. Shows the circuit setup for estimating the impedance and transmission parameters for the even mode.  
Where each parameter is tuned to achieve a good resemblance with the layout simulation. 
These parameters follow the equations: 
)()(
)()(
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 , 
Where f is frequency in GHz.  
Since there are many variables, an order should be followed to reach the best fine-tune. First 
is adjusted the phase β, followed by the impedance Z0 and finally the losses α. The response 
obtained after tuning for the 400 um case is shown in Fig. 14.  
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Fig. 14. Shows the matching of the circuit and layout for the even mode over 10 GHz. 
The odd mode layout simulation setup is shown in Fig. 15. 
 
Fig. 15. Shows the simulation ports location for the odd mode 
The circuit simulation for the odd mode is exactly the same as the odd and after tuning the S 
parameters are shown in Fig. 16.  
 
Fig. 16. Shows the matching of the circuit and layout for the odd mode over 10 GHz. 
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The previous explained procedure was done for 200, 400 and 700 µm ground plane width. A 
summary with the values is shown in Table 3.  
Table 3. Impedance and transmission parameters values for different ground plane widths. 
Width 
(µm) 
Mode β10(m-1) β20(m-1) Z0 (Ω) Z10 (Ω) Z12(Ω) Z20 (Ω) α10(m-1) α12(m-1) 
200 even 48.75 0 55 0.04333 0 0 0.55 0.14 
200 odd 48.8 0 82.45 -0.1 0.2 0 0.239 0 
400 even 49.15 0 54.5 -0.0599 0 -0.00325 0.4 0 
400 odd 49.4 0 66.75 -0.10323 0.03 0.00227 0.126 0 
700 even 48.85 0 55.4 0.09994 0 -0.00325 0.51 0 
700 odd 50.8 0 55.8 -0.07326 0.135 0.0026 0.121 0 
 
With the previous circuit values a Chebyshev filter of 0.2 dB ripple with 5% FBW and centered 
@ 4GHz was generated with each ground plane width, the responses of each one are shown in 
Fig. 17.  
 
Fig. 17. The S parameters of the same filter using different ground plane widths.  
 
The values at f0 are shown in Table 4. 
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Table 4. Filters response at designed frequency. 
Width S11 @ f0 (dB) S21 @ f0 (dB) 
200um -15.679 -1.476 
400um -14.748 -1.062 
700um -14.708 -0.906 
 
Using previous results the proposed ground plane width is 400 µm due to the following 
reasons: 
- Difference in terms of losses is more significant from 200 µm to 400 µm than from 400 
µm to 700 µm. 
- Keeping the width at 400 µm offers a more compact filter design since height is 600 
µm less compared to 700 µm.  
- Having a wider ground plane decreases the characteristic impedance of the line and 
increases capacitance needed at the inverter, therefore smaller gaps would be needed 
and this is not desirable.  
3.3. Determining slotline 
 
Throughout the multimodal filters theory, it is assumed that Z0o = Z0s but this is not achieved 
using same width in the ground plane of the even mode and in the slotline of the odd mode, 
consequently it is needed to make a small difference between the two.  
As mentioned before the work is based on a filter which response is centered at 5.6 GHz. The 
current impedance using a 400 µm ground plane at f0 is 66.468 Ω. Doing several simulations 
with different slotline widths it was found that using a 437 µm slotline width the impedance 
is almost a perfect match, having 66.57 Ω, therefore this width is going to be used for the 
resonator.  
Other widths are shown in Fig. 18 
 
Fig. 18. Ground plane, slotline and other lines widths. 
The parameters for the chosen 437 um slotline are shown in Table 5.  
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Table 5.  Impedance and transmission parameters values for chosen slotline width. 
Width 
(µm) 
Mode β10(m-1) β20(m-1) Z0 (Ω) Z10 (Ω) Z12(Ω) Z20 (Ω) α10(m-1) α12(m-1) 
437 slotline 49.4 0 66.57 -0.00999 0 0.002275 0.098 0 
 
3.4. Filters design 
3.4.1. Chebyshev order 2, 8% FBW 
3.4.1.1. Circuit response analysis 
To validate the multimodal circuit the filter is simulated as ideal with α = 0. The S parameters 
are shown in Fig. 19. 
 
Fig. 19. The simulated S parameters for the ideal Chebyshev filter.  
As expected the idea filter behaves very well since the FBW is preserved and the ripple can be 
seen perfectly. Adding the line’s losses estimated in section 3.3 the resulting S parameters are 
shown in Fig. 20.  
 
Fig. 20. The simulated S parameters for the Chebyshev filter with losses.  
FBW is reduced by 0.3% and the ripple is a little faded, still presents a good circuit simulation. 
The terminology used for the length parameters used for the layout generation are show in 
Fig. 21. 
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Fig. 21. Terminology of the parameters used for layout generation.  
The equivalent circuit of the inverter is shown Fig. 22. 
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Fig. 22. Equivalent circuit of an Admittance J inverter with quarter-wavelength resonators. [4] 
The length lsinv is determined by the impedance of the slotline at f0 and the capacitance 
needed at the gap, these formula is shown below: 
Where                                                           
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The lengths leo and leop determine the additional transmission zeros of the filter. The electrical 
values chosen were π/10 and π/6 degrees respectively to attenuate the harmonic passbands 
3·f0 and 5·f0 as explained in section  The simulation of both with traps and no traps is shown 
in Fig. 23. 
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Fig. 23. The Chebyshev filter response over 30GHz. a) without harmonic traps b) with harmonic traps 
 
3.4.1.2. Layout generation  
Passing now to the layout generation the physical lengths of the filter’s parameters are shown 
in Table 6.  
Table 6. Shows the lengths of the Chebyshev 8% FBW filter 
Parameter Length (mm) 
leo  1.141 
leop 1.902 
loi 1.605 
loip 1.555 
lres 5.678 
lresp 5.678 
lsi -1.648 
lsi -1.648 
lsinv -0.542 
 
The length of the slotline is: 
𝐿𝑠𝑙𝑜𝑡_𝑙𝑒𝑓𝑡 = 𝐿𝑟𝑒𝑠 + 𝐿𝑠𝑖 +
𝐿𝑠𝑖𝑛𝑣
2
− 𝐿𝑒𝑜 
𝐿𝑠𝑙𝑜𝑡_𝑙𝑒𝑓𝑡 = 5678 − 1648 −
542
2
− 1141 = 2618 µ𝑚 
𝐿𝑠𝑙𝑜𝑡_𝑟𝑖𝑔ℎ𝑡 = 𝐿𝑟𝑒𝑠 + 𝐿𝑠𝑖 +
𝐿𝑠𝑖𝑛𝑣
2
− 𝐿𝑒𝑜𝑝 
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𝐿𝑠𝑙𝑜𝑡_𝑟𝑖𝑔ℎ𝑡 = 5678 − 1648 −
542
2
− 1902 = 1857 µ𝑚 
 
Now all that is needed to proceed to the layout is to find the gap needed in the inverter. The 
capacitance needed in the inverter in order to achieve the 8% of FBW is Cinv = 32.28·10-15F. The 
shape of the gap tested is shown in Fig. 24.  
 
Fig. 24. The shape of the gap used to achieve the needed capacitance.  
The layout shown in Fig. 24 was simulated with different gap’s distances and the capacitance 
was estimated with the circuit setup shown in Fig. 25. The lines used are the slotline.  
 
Fig. 25. The circuit setup to determine the capacitance given a gap.  
In Table 7 the different capacitances obtained varying the gaps is shown.  
Table 7. Gap vs. capacitance using non-regular structure. 
Gap (µm) Capacitance (10-15·F) 
20  39.75 
25 36.75 
30 34.15 
35 32.25 
40 29.85 
  
For the current filter design, the gap needed was 35 µm as seen in the summary table. The 
comparison between circuit and layout is shown in Fig. 26.  
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Fig. 26. The S parameters of the circuit simulation vs layout using 35 µm gap. 
Given all the required lengths shown in Table 6 and Table 2 the layout was generated using 
the determined inverter gap. Layout is shown in Fig. 27.  
 
Fig. 27. The resulting Chebyshev 8% FBW multimodal filter layout. 
The resulting S parameters of the filter are shown in Fig. 28. 
 
 
Fig. 28  The S parameters of the Chebyshev filter layout. 
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Response is shifted to lower frequencies as expected since there are many factors that enlarge 
the electrical length of the filter, these may be: 
- The air bridges that interconnect both ground planes adds inductance. 
- The short circuit of the immitance inverter adds inductance. 
- The open stubs adds a small capacitance that would enlarge the electrical length.  
In order to fix the response of the filter the length of the resonator is adjusted until the 
response is centered. In the case of this filter the length removed from each side of the inverter 
is 285 µm, which represents a 4.95% reduction of the total filter length. The final response of 
the filter is presented in Fig. 29.  
 
 
Fig. 29. The S parameters of the tuned Chebyshev filter layout.  
 
The transmission loss remains at 0.958 dB which is an increase of 0.4 dB respect to the 
schematic and matching presents a better value (an increase of almost 5 dB). On the other 
hand, FBW suffered a reduction of 1.8% and the ripple is hardly seen.  
3.4.2. Chebyshev order 2, 8% FBW with slotline reduction 
 
The previous filter was made more compact using slotline-CPW tees to reduce the length of 
each quarter wavelength resonator. The physical lengths for the filter design based on the 
circuital model is shown in Fig. 30.  
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(a) 
 
(b) 
Fig. 30. Parameters for the reduced filter using slotline-CPW tees. (a) Physical lengths for the design. (b) Multimodal 
equivalent circuit.  
 
The ground widths and central conductor widths of the even- and odd-mode stubs remained 
the same, 437 μm and 50 μm respectively. Therefore the tee has the same propagation 
constants (β, α) calculated in Table 3. 
The electrical length reduction proposed for the tee is 25o. Using the multimodal circuit model 
explained in section 2.2 the circuit response is shown in Fig. 31.  
 
Fig. 31. S parameters of the reduced circuit model.  
S21 presents an increase of barely 0.2 dB and S11 remains almost the same.  
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With these schematic, the lengths of the even/odd and length reduction computed using 
expressions (11), are shown in Table 8. In Fig. 32 (b) is shown the meaning of the length ls.   
 
Table 8. Lengths of the even and odd stubs and length reduction. 
le 1.256 mm 
lo 1.505 mm 
ls 1.577 mm 
 
With the lengths shown above the layout of the tee is generated. It was compared with a 
slotline of length ls to find the reference point of the even and odd lengths. After many different 
reference points, it was found that the one that resembles the most the slotline is the one 
shown in Fig. 32 (a). 
         
(a)                                                                              (b) 
 
Fig. 32. (a) Tee’s reference points for even and odd lengths. (b) Length to be replaced with the CPW-tee.  
The S parameters of the line with length ls and the tee and shown in Fig. 33. Tee is represented 
in blue and slotline in red.  
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Fig. 33. S parameters comparison between line of length Ls and tee 
Since the matching peak of the tee is shifted to higher frequency, a tune up between odd and 
even lengths is done. The procedure is finding what is the current length of the tee’s layout 
shifting the circuits even and odd lengths until achieving the layout’s response, having this 
length then the inverse operation is done in the layout and it’s simulated again. The circuit 
setup of this is shown in Fig. 34.  
 
Fig. 34. Circuit model setup for the Tee’s lengths verification 
After several iterations between circuit and layout, the response of Fig. 35 is obtained.  
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Fig. 35. Resulting S parameters of the tuned tee.  
The even length le had a total of 119 µm reduced and the odd length lo had 90 µm added.  
Since the electrical length of the tee is 28 o instead of the 25 o simulated, the length reduction 
is calculated again: 
𝑙𝑠 =
28.393 ∗ 𝑝𝑖
180
𝐵𝑠𝑠 ∗ 10−9 ∗ 5.6 ∗ 109
= 1791𝑢𝑚 
Now that the total reduction of the tee is known, the next step is to determine the distribution 
of the remaining slotline length, before and after the tee. To do this the length ls is subtracted 
from the lres and the length lsi from the multimodal inverter that is negative thus it absorbs 
length of the slotline itself. Also it was needed to take into account the width of the short-
circuit stub which was 100 µm since it affects the length of the slotline.  
Using a distribution of 43% on the left side of the tee and 57% after the tee, the lengths are: 
 
𝐿1 = 4.3 ∗
𝑙𝑟𝑒𝑠 − 𝑙𝑠𝑖 − 𝑙𝑠2
10
= 4.3 ∗
5678 − 1791 − 1648
10
= 962𝑢𝑚 
 
𝐿2 = 5.7 ∗
𝑙𝑟𝑒𝑠 − 𝑙𝑠
10
= 5.7 ∗
5678 − 1791 − 1648
10
= 1277𝑢𝑚 
 
The previous lengths were taken having the reference of Fig. 36.  
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Fig. 36. Tee's reduction reference points. 
These means the 437um of width of the tee is also measured when putting the resonator’s 
lengths. The resulting layout is shown in Fig. 37. 
 
Fig. 37. Reduced filter layout 
 
The summary of all the lengths and parameters is shown in Table 9.  
 
Table 9. Parameters lengths summary for the reduced chebyshev with 8% FBW. 
Parameter Length 
leo  1.141mm 
leop 1.902 mm 
loi 1.605 mm 
loip 1.555 mm 
lres 5.678 mm  
lresp 5.678 mm 
lsi -1.648 mm 
lsi -1.648 mm 
lsinv -0.542 mm 
le 1.256 mm 
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lo 1.505 mm 
ls 1.791 mm 
Central strip width 50 µm 
Ground plane width 400 µm 
Slotline ground-plane width 437 µm 
CPW slotwidth 25 µm 
Capacitive gap 35 µm 
 
The response of the reduced filter is shown in Fig. 38.  
 
 
Fig. 38. S parameters of the reduced filter. 
The response if shifted 32MHz to higher frequency, a tune up was needed, reducing 30um 
from each resonator the result is shown in Fig. 39 along with the non-reduced previous filter.  
 
(a) 
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(b) 
Fig. 39. Resulting S parameters of Chebyshev 8% FBW filter. (a) Non-reduced b) Reduced slotline-CPW tees 
 
We can see that the reduction of the filter didn’t affect in great scale the losses since only 0.1 
dB was added. Also the FBW is higher when using the reduced version, even though matching 
suffers having reduced 3.5 dB. 
The length of the original filter was 10,923 mm and the reduced version is 8,849 mm for a total 
reduction of 18%.  
3.4.3. Butterworth 3 dB, 8% FBW 
3.4.3.1. Circuit response analysis 
Validating the multimodal circuit the filter is simulated as ideal with α = 0. The S parameters 
are shown in Fig. 40.  
 
 
Fig. 40.The simulated S parameters for the ideal Butterworth filter. 
Adding the line’s losses estimated in section 3.3 the resulting S parameters are shown in Fig. 
31.  
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Fig. 41. The simulated S parameters for the Butterworth filter with losses. 
The Butterworth filter presents an excellent matching near the central frequency and almost 
the same losses as the Chebyshev. The behavior of this filter over 30 GHz is shown in Fig. 42. 
 
a)
 
b) 
Fig. 42.The Butterworth filter response over 30GHz. a) without harmonic traps b) with harmonic traps 
Overall the Butterworth filter has a better rejection of other bands in comparison with the 
Chebyshev model since harmonic transmission peaks are lower and matching is poorer.  
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3.4.3.2. Layout generation  
Passing now to the layout generation the physical lengths of the filter’s parameters are shown 
in Table 10.  
 
Table 10. Shows the lengths of the Butterworth filter 
Parameter Length (mm) 
le  1.141 
lep 1.902 
loi 1.366 
loip 1.329 
lres 5.678 
lresp 5.678 
lsi -1.400 
lsip -1.400 
lsinv -0.322 
Central strip width 50 µm 
Ground plane width 400 µm 
Slotline ground-plane width 437 µm 
CPW slotwidth 25 µm 
Capacitive gap 23 µm 
 
The length of the slotline would be: 
𝐿𝑠𝑙𝑜𝑡_𝑙𝑒𝑓𝑡 = 𝑙𝑟𝑒𝑠 + 𝑙𝑠𝑖 +
𝑙𝑠𝑖𝑛𝑣
2
− 𝑙𝑒 
𝐿𝑠𝑙𝑜𝑡_𝑙𝑒𝑓𝑡 = 5678 − 1400 −
322
2
− 1141 = 2976 µ𝑚 
𝐿𝑠𝑙𝑜𝑡_𝑟𝑖𝑔ℎ𝑡 = 𝑙𝑟𝑒𝑠 + 𝑙𝑠𝑖 +
𝑙𝑠𝑖𝑛𝑣
2
− 𝑙𝑒𝑝 
𝐿𝑠𝑙𝑜𝑡_𝑟𝑖𝑔ℎ𝑡 = 5678 − 1400 −
322
2
− 1902 = 2215 µ𝑚 
The gap is determined following the same procedure as in section 3.4.1.2. The capacitance 
needed in the inverter is Cinv = 19.03·10-15 F, the gap needed is 23 µm using the regular gap 
layout. The layout created is shown in Fig. 43.  
 
Fig. 43. The resulting Butterworth 8% FBW multimodal filter layout 
 
Simulating the filter layout, the S parameters are shown in Fig. 44.  
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Fig. 44. The S parameters of the Butterworth filter layout 
For the same reasons explained in section 3.4.1.2, the filter if shifted to lower frequencies and 
a tune up was needed. From each resonator 180 µm was reduced and the response is shown 
in Fig. 45.  
 
 
Fig. 45. The S parameters of the tuned Butterworth filter layout. 
It can be seen that the Butterworth filter presents more losses than the Chebyshev and the 
matching is a lot worse, reason why the Butterworth filters were excluded from manufacture.  
3.4.4. Filters response summary 
 
The filter design procedure explained in this chapter was followed to create variations of the 
presented filters also taking into account the tolerance in manufacture, in the current case, the 
Alumina has a tolerance of 2%, therefore the filters done for this MT were also done for values 
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of εR = 9.7 and εR = 10.1. For the Alumina variations, all the impedances and transmission 
parameters had to be recalculated. The summary of all these filters are shown in Table 11.  
Table 11. Summary with all the filters done with Alumina variations 
 S11 @ f0 S21 @ f0 FBW Gap (µm) 
Chebyshev 5% 0.2dB ripple     
Alumina 9.7 -23.167 -1.35 2.80% 18 
Alumina 9.9 -16.295 -1.568 2.3% 18 
Alumina 10.1 -16.542 -1.567 2.30% 18 
     
Chebyshev 8% 0.2dB ripple     
Alumina 9.7 -17.668 -0.966 5.70% 35 
Alumina 9.9 -18.032 -0.958 5.8% 35 
Alumina 10.1 -17.863 -0.967 5.70% 35 
     
Chebyshev 10% 0.2dB ripple     
Alumina 9.7 -19 -0.822 7.30% 20 
Alumina 9.9 -18.705 -0.826 7.6% 20 
Alumina 10.1 -18.484 -0.828 7.60% 20 
     
Reduced Cheb 8% 0.2 ripple     
Alumina 9.7 -14.001 -1.032 7.50% 35 
Alumina 9.9 -14.585 -1.045 7.3% 35 
Alumina 10.1 -12.660 -1.122 8% 35 
     
Reduced Cheb 10% 0.2 ripple     
Alumina 9.7 -14.019 -0.933 8.90% 20 
Alumina 9.9 -14.031 -0.914 9.4% 20 
Alumina 10.1 -12.463 -0.990 10.40% 20 
 
3.4.5. Filter cell sent to manufacture 
The size of the circuit layout for manufacturing is 5 cm by 5 cm. Since there might be 
manufacture inaccuracy in the lithography and the gaps have a great impact in the filter’s 
responses, each filter had a variation of ± 5 µm in the gap. The filters chosen for manufacture 
are the ones showed in Table 11 and the filter cell is shown in Fig. 46.  
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Fig. 46. Shows the plaque sent for manufacture. 
3.5. EM Simulation setup options 
 
In order to obtain an accurate measurement of the S parameters in Momentum, the mesh 
options need to be properly configured. The definition of this term on ADS is [6]: 
“A mesh is a grid-like pattern of triangles and rectangles, and each triangle or rectangle is a cell. 
This pattern of cells is based on the geometry of a circuit and, optionally, user-defined 
parameters, so each circuit will have a unique mesh calculated for it. The mesh is then applied to 
the circuit in order to compute the current within each cell and identify any coupling effects in 
the circuit during simulation. From these calculations, S-parameters are then calculated for the 
circuit.” 
 
In other words, the mesh is basically how the program divides the layout to calculate the S 
parameters, which are individual per each mesh. The mesh options are the Mesh Frequency 
and the number of mesh per wavelength. It was found that doing the same simulation with 
different mesh options, it would give totally different results. So a group of simulations were 
done to find the proper values.  The mesh options are shown in Fig. 47.  
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Fig. 47. Mesh settings for EM simulation 
  
The layout taken was an ideal Chebyshev with 0.5 dB ripple and 5% FBW. The S parameters 
are shown in Fig. 48 using both 10 and 20 cells/wavelength with 30 and 40 GHz mesh 
frequency. 
 
Fig. 48. S parameters of ideal Chebyshev filter using 10 and 20 cells/wavelength and 30/60 GHz mesh frequency 
We can tell that the first setting is really poor, having a response that would look like a 
Butterworth, but as we increase frequency and cells/wavelength the accuracy is higher. Since 
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there is a lot of variation between the two 20 cells/wavelength, it was increased to 30 and 40, 
the responses are shown in Fig. 49.  
 
Fig. 49. S parameters of ideal Chebyshev filter using 30 and 40 cells/wavelength and 30/60 GHz mesh frequency 
It can be seen there is a better resemblance between the both 40 cells/wavelength settings 
and that there is one setting and didn’t have a good result, probably due to some software 
malfunction with these values. When the frequency is multiplied by 2, also the 
cells/wavelength increase and this affect greatly the computation time between simulations. 
Since we can see a good simulation with the setting 40 cells/wavelength and 30 GHz mesh 
frequency, this was the default value used in all the simulations done in this MT.  
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4. Experimental Results 
The filters sent to manufacture were fabricated with the following parameters: 
Table 12. Filter parameters value for manufacture 
Parameter Value 
εR 9.9 ± 0.2% 
Dielectric thickness 635 µm 
tan δ 0.0002 
Copper layer thickness 4 µm 
Central strip width 50 µm 
Ground plane width 400 µm 
Slotline ground-plane width 437 µm 
CPW slotwidth 25 µm 
 
After the filters were received at the UPC, the air-bridges were mounted in every filter using 
three bonding wires in parallel at each end. Afterwards the tests were done in the microwave 
lab using an Agilent N5245A network analyzer and a Cascade-Microtech Summit 9000 wafer-
probe station equipped with ground-signal-ground probes  
4.1. Analysis of chebyshev filters with 8% and 10% FBW 
The final layout of a chebyshev filter is shown in Fig. 50 and the gap needed in the inverter 
was 35 µm. Using the widths detailed in Table 12, the impedances are Z0e = 54.06 Ω, Z0o = 66.47 
Ω  and Z0s = 66.57 Ω at f0 using alumina with εR = 9.9.  
 
Fig. 50. Chebyshev 8% FBW multimodal filter layout. 
The S parameters of the previous filter is shown in Fig. 51.  
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Fig. 51. Real filter response for chebyshev 8% FBW. Ports 3 and 4 corresponds to circuit model and ports 5 and 6 to the 
real tested filter.  
Losses increased by 0.78 dB and matching is quite similar at f0, also the FBW is 1% higher. The 
simulation over the 30 GHz shows a good resemblance with the multimodal circuit model. We 
can see that the harmonics were successfully attenuated using the harmonic traps, we can see 
no matching at 3·f0 and 5·f0. 
Since it can be seen that the response is shifted a little to lower frequencies, the impedance at 
the ports were tuned in order to see the results when the response is perfectly centered. In 
Fig. 52 is shown the response.  
 
 
 
 
Fig. 52. Real filter response for chebyshev 8% FBW with tuned ports impedance.  
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In this case the tuning didn’t help that much, losses are slightly lower and matching faintly 
better but in other cases it did. The response of the 10% FBW chebyshev filter is shown in Fig. 
53.  
 
 
(a) 
 
(b) 
Fig. 53. Real response of chebyshev 10% FBW. (a) With ports impedance = Z0e. (b) With tuned ports impedance.  
With the tuned ports the response could be shifted 40MHz to f0, also losses improved a little.  
4.2. Analysis of chebyshev reduced filter with 8% FBW 
The final layout of the reduced chebyshev filter is shown in Fig. 54 and the gap needed in the 
inverter was 35 µm. Using the widths detailed in Table 12, the impedances are Z0e = 55.16 Ω, 
Z0o = 67.63 Ω  and Z0s = 67.29 Ω at f0 using alumina with εR = 9.7.  
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Fig. 54. Reduced Chebyshev 8% FBW multimodal filter layout. 
The S parameters of the previous fabricated filter is shown Fig. 55.  
 
 
 
Fig. 55. Real filter response for the reduced chebyshev 8% FBW. Ports 3 and 4 corresponds to circuit model and ports 
5 and 6 to the real tested filter. 
Taking a look at this response it can be seen a shift to lower frequencies and also the filter 
actually behaved better than the one simulated in momentum, since there are no matchings at 
9.5 GHz and 11.5 GHz as expected, due to not having the harmonic traps and the use of the 
CPW-Tee. The previous filter’s ports are tuned in order to get a centred response at f0 and it is 
shown in Fig. 56.  
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Fig. 56. Real filter response for the reduced chebyshev 8% FBW with tuned ports impedance. 
Filter was able to be shifted 150 MHz with the tuning and losses improved a little, also can be 
seen that the matching is almost centred.  
4.3. Summary of filter responses with permittivity variation 
For every filter tested, the ports impedance were tuned to achieve a better centre response 
and the summary is shown in Table 13. Summary of fabricated filters response.  The Alumina 
employed has a permittivity of ε = 9.9 with a tolerance of ±2%, reason why the same filters 
were designed three times with ε = 9.7, 9.9 and 10.1.   
Table 13. Summary of fabricated filters response 
  Circuit Fabricated 
 S11 @ f0 S21 @ f0 FBW S11 @ f0 S21 @ f0 FBW 
Chebyshev 5% 0.2dB ripple          
Alumina 9.7 -23.167 -1.35 2.80% -23.323 -2.404 3.3% 
Alumina 9.9 -16.295 -1.568 2.3% -15.628 -2.309 4.2% 
Alumina 10.1 -16.542 -1.567 2.30% -17.504 -2.224 4.2% 
          
Chebyshev 8% 0.2dB ripple          
Alumina 9.7 -17.668 -0.966 5.70% -20.54 -1.672 6.3% 
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Comparing circuit and fabricated filters it can be seen that losses in average are 0.8 dB higher 
in the real ones and FBW is higher. The filters that presented the best performance in terms of 
losses were the chebyshev of 8% and 10% FBW, with losses less than 2 dB. According to these 
results the permittivity of the fabricated plaque was 9.7 and not the nominal 9.9.  
4.4. Analysis of chebyshev reduced filters with gap variation 
As well the reduced filters were designed with a variation of gaps of ±5 µm, this because in the 
manufacture process the photolithography might not be perfectly accurate and since the gap 
has the highest impact in the losses and FBW it was taken into account. To show an example, 
the 10% FBW filter response is shown in with the different gaps and with εR = 9.9.   
 
 
(a) 
Alumina 9.9 -18.032 -0.958 5.8% -17.496 -1.703 6.8% 
Alumina 10.1 -17.863 -0.967 5.70% -13.731 -1.862 7.1% 
          
Chebyshev 10% 0.2dB ripple          
Alumina 9.7 -19 -0.822 7.30% -14.05 -1.477 12.2% 
Alumina 9.9 -18.705 -0.826 7.6% -13.629 -1.519 10.7% 
Alumina 10.1 -18.484 -0.828 7.60% -12.00 -1.599 10.7% 
          
Reduced Cheb 8% 0.2 ripple          
Alumina 9.7 -14.001 -1.032 7.50% -13.746 -2.219 7.7% 
Alumina 9.9 -14.585 -1.045 7.3% -13.6 -2.230 7.6% 
Alumina 10.1 -12.660 -1.122 8% -11.965 -2.261 8.4% 
          
Reduced Cheb 10% 0.2 ripple          
Alumina 9.7 -14.019 -0.933 8.90% -11.565 -2.007 12.4% 
Alumina 9.9 -14.031 -0.914 9.4% -8.831 -2.342 13.3% 
Alumina 10.1 -12.463 -0.990 10.40% -10.258 -2.115 13.3% 
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(b) 
Fig. 57. Reduced chebyshev 8% FBW with gap variation. (a) Original (b) Added 5 µm. 
Adding 5 µm to the gap, the losses were able to be improved by 0.4 dB and matching presented 
an increase of almost 4 dB, which results in a reduced filter with less than 2 dB losses and 
more than 10 dB matching.  
4.5. Summary of reduced filter responses with gap variation 
 
The response of all reduced filters with the gaps variation is shown in Table 14. The values 
exposed are after tuning the ports to the optimal impedance.  
Table 14. Reduced filters with gap variation responses 
 
With the gap variation, the FBW is affected greatly. In general matching was better with a 
larger separation and losses remained almost the same in the 8% FBW, on the other hand, the 
10% FBW reduced one presented less than 2 dB losses with the greater gap.  
 
 
  +5um gap -5um gap 
 S11 @ f0 S21 @ f0 FBW S11 @ f0 S21 @ f0 FBW 
Reduced Cheb 8% 0.2 ripple          
Alumina 9.7 -15.189 -2.220 6.1% -12.640 -2.183 9.6% 
Alumina 9.9 -17.641 -2.230 5.8% -10.830 -2.357 10% 
Alumina 10.1 -18.03 -2.144 6.1% -10.714 -2.279 9.8% 
             
Reduced Cheb 10% 0.2 ripple             
Alumina 9.7 -16.182 -2.200 10.3% NOT TESTED YET 
Alumina 9.9 -13.740 -1.957 10% NOT TESTED YET 
Alumina 10.1 -12.566 -1.964 10.8% -8.418 -2.347 16.3% 
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5. Conclusions and future development 
Throughout this work it was again validated the multimodal theory presented in [1] since the 
real behaviour of the circuit model corresponds to the one seen in the electromagnetic 
simulation using ADS momentum. The difference of both real and circuit model relies mostly 
in the added losses that may be caused by: a) additional inductances that during the layout 
process are not taken into account and that are very difficult to estimate, b) the waves 
propagation is not exactly the same as the simulated, c) manufacture process not being 
perfectly accurate.  
It has been seen that multimodal filters can present a good behaviour over a great bandwidth 
offering harmonic bands attenuation. This is achieved by the use of the multimodal inverter 
that take profit of the two modes generated, the even and odd mode, of the coplanar 
transmission line adding another degree of freedom when being designed. Furthermore these 
filters can also be reduced by the use of a CPW-tee but at the cost of no harmonic bands 
attenuation.  
The filters proposed for this MT showed that with the use of this new multimodal inverters 
and λ/4 resonators, filters can be obtained with an insertion loss of 1.6 dB for an 8% FBW and 
1.4 dB for a 10% FBW with a wide out-of-band rejection due to the additional transmission 
zeros. In the case of the reduced version the best response gave an insertion loss of 1.9 dB. 
When referring to the size of the filters, they were very compact, in the case of the 8% FBW 
the dimensions were 11.01 mm x 0.9 mm and when used the CPW-Tee for slotline reduction 
was 9.09mm x 1.7 mm.  
About the future work of multimodal filters, it could be studied more with the implementation 
of another substrate with a higher permittivity and a lower loss tangent in order to obtain 
higher accuracy and less insertion loss. Also higher frequencies could be employed in the 
design and using higher order filters, for instance, n = 3 and n = 4.  Furthermore, reduced filters 
could be done with higher electrical length reduction (more than 25 degrees) and try to reduce 
the added losses as much as possible.  
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Appendices (optional) 
6. Filters responses. 
In this section it will be included all the simulations of the filters tested from which the 
conclusions and the summary tables were done. In each filter first will be shown the response 
using Z0_ports = Z0e and then the results after tuning these ports to achieve a more centred 
response. Not in all cases the change of impedance resulted in a better behaviour but for the 
most part it did.  
6.1. Using Alumina with ε = 9.9 
6.1.1. Chebyshev 5% FBW 
 
 
After tuning: 
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6.1.2. Chebyshev 8% FBW 
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After tuning ports: 
 
 
6.1.3. Chebyshev 10% FBW 
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After tuning: 
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6.1.4. Reduced 8% FBW 
 
 
After tuning ports: 
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6.1.5. Reduced 10% FBW 
 
 
 
After tuning ports: 
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6.2. Using Alumina with ε = 9.7 
6.2.1. Chebyshev 5% FBW 
 
 
After tuning: 
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6.2.2. Chebyshev 8% FBW 
 
After tuning: 
 
6.2.3. Chebyshev 10% FBW 
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After tuning: 
 
6.2.4. Reduced 8% FBW 
 
 
 
After tuning: 
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6.2.5. Reduced 10% FBW 
 
After tuning: 
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6.3. Using Alumina with ε = 10.1 
6.3.1. Chebyshev 5% FBW 
 
After tuning: It doesn’t help with the losses. 
6.3.2. Chebyshev 8% FBW 
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After tuning: 
 
6.3.3. Chebyshev 10% FBW 
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After tuning: 
 
6.3.4. Reduced 8% FBW 
 
After tuning: 
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6.3.5. Reduced 10% FBW 
 
 
After tuning: 
 
 
 
